A strategy that uses hyaluronic acid (HA) as a carbon source and polyethylenimine (PEI) as a passivant to construct carbon dots (HA-Cds) was proposed. The synthetic method is simple and green and no additive was required. These carbon dots could emit strong blue fluorescence under UV light. FT-IR and 1 H NMR spectra confirmed that part of characteristic residues of HA and PEI remained in the HA-Cds structure.
Introduction
Many diseases such as cancers, cystic brosis, AIDS, and cardiovascular ailments have become serious threats to people's health. [1] [2] [3] Although traditional therapeutics such as chemotherapy, radiotherapy, and surgery have been developed to treat these diseases with some success, their cure at the level of their origin and prevention of relapses remain complex problems. 4 As a new, powerful approach for the treatment of these severe diseases, gene therapy has attracted signicant attention. The success of gene therapy largely depends on the effective transfer of a specic therapeutic gene to unhealthy cells. Because the spontaneous entry of naked nucleic acids into target cells is very difficult, gene transfer into cells primarily depends on vectors. Compared to viral vectors, non-viral gene vectors offer a safer and simpler method for the delivery of therapeutic genes. However, the relatively low in vivo transfection efficiency (TE) and potential toxicity still limit the clinical use of synthetic vectors. [5] [6] [7] Therefore, it is still urgently necessary to design and synthesize novel non-viral gene vectors that may overcome transfection barriers such as protein-induced instability, cellular uptake, endosome escape, and nucleic acid release.
As a new class of uorescent nanomaterials with good chemical stability, lack of blinking, and low-toxicity, carbon dots (Cds) have drawn tremendous attention in the eld of nanotechnology. 8, 9 One-step hydrothermal or microwave (MW)-assisted methods were widely used to construct Cds. [10] [11] [12] Some inexpensive and biocompatible small molecules such as citrate, 13 ascorbic acid, 14 glucose, 15 and ethanol 16 were oen used as carbon resources. On the other hand, effective surface passivation is another essential step to produce Cds with high uorescence intensity. 8 Using polyamine compounds as passivation agents can not only enhance their uorescence intensity but also allow straightforward installation of cationic charge on the surface of the nanoparticles, offering them DNA binding capacity. Liu and coworkers rst used polyethylenimine (PEI)-functionalized Cds, which were prepared with PEI as a surface passivation agent through one-step MW-assisted pyrolysis of glycerol, as gene vectors. 17 Wang et al. passivated Cds by using alkyl-PEI 2 kDa for the safe and highly efficient delivery of siRNA and DNA. 18 More recently, Pierrat and coworkers employed citric acid and bPEI 25 kDa under MW irradiation to construct Cds as efficient gene nanocarriers.
shortcomings. [21] [22] [23] [24] For example, polyethylene glycol (PEG) has been commonly used to improve the biocompatibility of cationic materials.
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Hyaluronic acid (HA) is another biocompatible species used in the formation of nano-vectors. The negative charges on HA may afford a similar "stealth effect" to that observed with PEG. 28, 29 Besides, it is also known that HA has a strong affinity to bind cell-specic surface markers such as cluster determinant 44 (CD44) receptors, which are overexpressed on various tumor cells. 30, 31 To the best of our knowledge, the use of two polymers with no additives (acid, base and/or oxidant) to directly construct Cds by a MW-assisted method has not yet been reported. Herein, we prepared a class of Cds by using HA as a carbon source and PEI as a surface passivation agent via simple MW-assisted pyrolysis. We hope that the resulting nanomaterials will combine the advantages of Cds, PEI, and HA and will act as multifunctional biocompatible materials for simultaneous gene delivery and cell imaging.
Results and discussion
Preparation and characterization of HA-Cds MW-assisted Cd preparation always uses small molecules as carbon sources or additives. In this work, we prepared six HAbased Cds (HA-Cds) by direct MW-assisted pyrolysis of PEI 25 kDa and HA with no additives (Scheme 1). Under MW irradiation, HA was dehydrated and then PEI was passivated to form the Cds. As HA and PEI are both polymers, their residues would be retained on the HA-Cd surface under the relatively mild preparation conditions. The cationic amino groups on the PEI residues can help the HA-Cds to bind and condense negatively charged DNA, while the HA residues might improve their biocompatibility. These Cds were named as HA-CPx, in which CP refers to the Cd-based polymer and x indicates the total MW irradiation time (min) for the preparation. Subsequently, the optical properties of these Cds were studied. As shown in Fig. 1A , all of the prepared HA-Cds (for the other three see Fig. S1 †) emitted strong blue luminescence under UV light (365 nm). At this excitation wavelength, the maximum emission wavelength (l em ) of HA-CP10 was found to be 470 nm and the maximum excitation wavelength (l ex ) was measured as 345 nm (Fig. 1B) . The full width at half maximum (FWHM) under excitation at 365 nm was about 79 nm, which was smaller than the values reported in the literature. 17, 32 We also studied the optical properties of ve other Cds, and similar results were obtained (Fig. S2 †) . Transmission electron microscopy (TEM) was performed to study the morphology of HA-CP10, and the anhydrous state particle diameter was measured as 32.5 AE 0.5 nm (Fig. 1C and D) . Atomic force microscopy (AFM) images showed that the height of the HA-CP10 particles was 1 to 3.5 nm (Fig. S3 †) . The X-ray diffraction (XRD) pattern (Fig. 1E ) displays a broad diffraction peak at 2q ¼ 24. 4 , suggesting an amorphous nature. In addition, dynamic light scattering (DLS) was also applied to characterize the hydrodynamic sizes of these HA-Cds (Table S1 †) . When the microwave irradiation time was increased, their hydrodynamic sizes gradually decreased. This may be due to the increased consumption of PEI and HA residues as the irradiation time is increased. FT-IR was employed to identify the organic functional groups on the HA-Cds (Fig. S4 †) Multiplets with a chemical shi (d) of 2.4-2.8 ppm were attributed to protons on the -CH 2 N-of PEI, which was successfully passivated in the HA-Cds. As with the IR analysis, characteristic NMR peaks of HA could still be found in the spectra of HA-Cds, further indicating that HA did not completely transform to the carbon core and some of its residues remained even aer extended MW irradiation. For the HA-Cds, aer various MW treatment times, no obvious differences were found in either the IR or NMR spectra. We therefore suppose that the six Cds might have similar structures and compositions. This was further proved by elemental analysis, which also gave similar C, N, and H contents for all the HA-Cds (Table S2 †) . One important characteristic of PEI is its buffering ability over a wide range of pH values. This buffering property is known as the "proton sponge effect" and might enable PEI to escape more efficiently from the endosome.
1 Therefore, the buffering capacities of these PEI-passivated HA-Cds, expressed as the percentage of amine groups that could be protonated within the endosome pH range of 7.4-5.1, were determined from acidbase titration. As shown in Table 1 , although part of the PEI structure was damaged during the formation of these carbon dots by MW irradiation, these HA-Cds showed only slightly lower buffering capacity than PEI. In other words, most of the buffering capacity of PEI remained aer the preparation of HA-Cds.
The uorescence emissions of the Cds may depend on the l ex . 8 The photoluminescence spectra recorded for HA-CP10 with l ex ranged from 345 to 405 nm (Fig. S6A †) . With an increase in l ex , the uorescence intensity decreased remarkably. Meanwhile, the normalized photoluminescence spectra revealed a small emission peak shi in the l ex range 345-395 nm (Dl em ¼ 10 nm, Fig. S6B †) , which was in agreement with the literature. 19 Quinine sulfate in 0.10 M H 2 SO 4 (quantum yield 54%) was selected as a standard sample to calculate the quantum yields of the HA-Cds, and the Cds prepared with 10 min MW treatment (HA-CP10) gave the highest quantum yield (Table S3 †) . We speculate that the carbon core was not properly formed before 10 min but, on the other hand, when the MW irradiation time was increased, more HA would dehydrate to form a larger carbon core while more PEI was passivated on it, nally leading to a decrease in the photoluminescence performance. It was also reported that the MW pyrolysis time would signicantly affect the photoluminescence performance.
17
Interactions between the HA-Cds and plasmid DNA
The ability of cationic gene vectors to condense DNA into nanosized particles is a crucial factor for efficient cell transfection. A gel retardation assay was used to conrm the interaction between the HA-Cds and plasmid DNA at various weight ratios, and the results are shown in Fig. 2A . As the weight ratio increased, the intensity of the DNA migration bands in the agarose gel decreased. All the HACds could completely inhibit the electrophoretic mobility of plasmid DNA at a Cd/DNA weight ratio of 1 : 1, suggesting that all the HA-Cds could effectively condense plasmid DNA though electrostatic interactions at a low dose. In addition, since a longer MW pyrolysis time did not reduce the DNA binding ability, it might be supposed that a considerable portion of the amino groups would remain on the surface of the Cds during the MW process. Furthermore, an ethidium bromide (EB) intercalation assay was also used to investigate the DNA affinity of these Cds. The uorescence of EB can be greatly enhanced by its intercalation into double-stranded DNA, while the addition of gene vectors can expel EB from the intercalation site of the DNA, resulting in uorescence quenching. 33 As shown in Fig. 2B , both PEI and the HA-Cds could almost completely quench the uorescence of the EB/DNA complex at low weight ratios (0.5 for PEI and 1.0 for HACds), further indicating their good DNA binding ability. The CE50 values, which represent the weight ratios required to quench 50% of the EB uorescence intensity, were 0.19 for PEI and 0.45-0.52 for the HA-Cds. The higher values for the HA-Cds might be attributed to their lower N content (Table S1 †) and the fact that some of the N atoms participated in the formation of the core and could not be protonated.
Appropriate sizes and zeta potentials are also of great importance for the gene carriers, as these can even determine the endocytosis pathway of the nanoparticles.
34 DLS was applied to characterize these properties of the HA-Cd/DNA complexes at different weight ratios (w/w ¼ 0.5, 2, 6, 8, 10, 12, Fig. 3 ). The complexes showed particle sizes in the range 240-360 nm at the tested weight ratios. Other researchers have found that complexes with sizes between 50 and several hundred nanometers were suitable for cell uptake.
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The zeta potentials of the six complexes were also evaluated and found to increase from À5 mV to +44 mV along with an increase in the weight ratios. In general, nanoparticles with a higher positive charge exhibited a stronger affinity for the negatively charged cell membrane, resulting in higher cellular uptake. 38, 39 Our previous studies found that better gene transfection efficiency could be obtained when the surface charges of the complexes were higher than +20 mV. [40] [41] [42] In this case, we also found that w/w $ 6 (zeta potential > +20 mV) is required for efficient transfection.
Cytotoxicity
High cytotoxicity is a major barrier that signicantly limits the use of non-viral gene vectors for gene therapy in clinical applications. Cds have been reported with low toxicity and excellent biocompatibility. 43 Meanwhile, the strategy of introducing tissue-friendly HA to Cds might further enhance their biocompatibility. The cell viability aer 24 h incubation with HA-Cd/DNA complexes at various weight ratios was evaluated in HeLa cells. As we hoped, these HA-Cd/DNA complexes all have much lower cytotoxicity than PEI (Fig. 4) . As the weight ratio increased, the cell viability reduced gradually but only slightly. Even at a high weight ratio of 14, the percentage of surviving cells was still more than 80%, while this value was only 20% for PEI under the same conditions.
In vitro gene transfection
To evaluate the transfection efficiency (TE) of these HA-Cds as non-viral gene delivery vectors, a luciferase transfection assay of HA-Cd/DNA complexes at various w/w ratios was carried out in HeLa cells (Fig. 5) in comparison with 25 kDa PEI, which was used at its optimal w/w ratio of 1.4 (N/P ratio of 10). Before the luciferase transfection, a non-quantitative enhanced green uorescent protein (eGFP) expression assay was performed to preliminarily optimize the HA-Cd/DNA weight ratio, and it was found that a w/w $ 6 is required for efficient transfection (Fig. S7 †) . The quantitative data also revealed that an increase in the weight ratio led to a signicantly increased TE (Fig. 5A) . At the optimized weight ratio, all the HA-Cds exhibited 3-4 times higher TE than PEI. Generally, during the formation of Cds involving PEI, the amino groups on PEI were partly consumed to form amide bonds or Cd cores, leading to reduced TE compared to PEI. 17 However, our results showed that the PEI-passivated HA-Cds did not reduce but largely enhanced the TEs. We speculated that the low cytotoxicity of the HA-Cds and the formation of core-shell structures might contribute to the enhanced transfection level. 17 With respect to the MW time span, it was found that 10 min of MW irradiation was most suitable for the preparation of HA-Cds with high TE. Extending the MW treatment might lead to greater consumption of the amino groups on PEI, which are essential for DNA binding and transfection; thus, a decreased TE might be obtained.
It is believed that the toxicity of polycations, the inadequate release of DNA molecules, and the low availability of the vectors caused by aggregation with protein molecules in complex media or a lack of DNA protection are key reasons for a low TE. 44 The serum components, especially negatively charged proteins, always exhibit non-specic interactions with cationic vector/ DNA complexes, leading to a signicantly decreased TE. 45 To solve this problem, we introduced electronegative HA to the materials in the hope that such a component, especially its reserved residues, may reduce the cytotoxicity and avoid the dramatic reduction in TE in the physiological environment caused by strong protein adsorption by the cationic gene vector. To our delight, HA-Cds showed signicantly higher serum tolerance than PEI. In the presence of serum, a TE of up to 50 times higher than that of PEI was obtained (Fig. 5B) . Thus, we believe that the HA residue may exhibit a "stealth effect" and effectively resist non-specic protein adsorption. As with the transfection without serum, HA-Cds prepared via a shorter MW irradiation time have better TE. The transfection in HEK293 cells also conrmed the good serum tolerance of the HA-Cds (Fig. S8 †) .
To visually compare the gene transfer ability of the studied Cds, we also transfected pEGFP-Nl reporter genes into HeLa cells using an inverted uorescence microscope for observation. Based on the results from luciferase and cytotoxicity assays, a HA-Cd/DNA weight ratio of 10 was chosen for transfection. The images in Fig. S9 † give similar results to the luciferase assay. The transfection mediated by HA-Cds led to much stronger green uorescence than that using PEI, especially in the presence of serum. Besides, unlike with PEI, the density of transfected cells was seldom affected by the serum, further indicating the good biocompatibility of our materials.
Bovine serum albumin (BSA) was selected as a model protein to simulate the 10% serum condition and to determine the interactions between the vectors and serum components (Fig. 6) . Aer PEI was added, the BSA solution became turbid immediately, indicating fast electrostatic adsorption, which led to aggregation and precipitation. Meanwhile, on the contrary, the HA-Cds caused little aggregation, and the BSA solutions remained transparent aer incubation with these Cds. The amount of BSA adsorbed per mg of these cationic materials was also calculated, and the quantitative results exhibited a large difference in the adsorption amount of BSA. This may indicate the good serum tolerance of HA-Cds. In addition, we also studied the stability of HA-Cds (HA-CP10 was chosen as the model) toward 10% fetal bovine serum (FBS, v/v) and different concentrations of bull serum albumin (BSA, 0.1 mg mL À1 and Relative cellular uptake of HA-CP10/DNA complexes at a weight ratio of 10 in HeLa cells at 4 C or in the presence of various endocytic inhibitors quantified by flow cytometry analysis. Data represent mean AE SD (n ¼ 3, *P < 0.05; **P < 0.01; ***P < 0.001).
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À1 ) solutions (Table S4 † ). Although the hydrodynamic particle size of HA-CP10 increased to 113.8 nm toward 10% FBS, the size seldom changed over 3 days, suggesting good stability under protein-rich conditions. As one of the main barriers in the gene delivery process, the internalization of the nucleic acid complexes largely inuences the TE. Flow cytometry was performed to analyze the cellular uptake of DNA. Based on the results of the quantum yields of the HA-Cds, the luciferase assays, and the cytotoxicity, HA-CP10 was chosen as the model. Aer incubation of the HA-CP10/DNA complexes (at a weight ratio of 10) with HeLa cells for 4 h, the percentage of cells that were positive for Cy5-labeled pDNA was calculated (Fig. 7A) . In the absence of serum, HA-CP10 exhibited excellent cellular uptake, and the percentage of positive cells was $99.7%. At a serum content of 10%, no obvious decrease in the cellular uptake percentage was found. Although a further increase in the serum concentration led to a gradually reduced uptake, a good percentage of positive cells (77.8%) could also be obtained with 50% serum. On the other hand, for PEI, the percentage of positive cells decreased dramatically to 55.5% with 10% serum. The results also demonstrate the good stability of HA-Cds in extracellular circumstances, and the much better resistance toward serum proteins makes it easier for the HA-Cd complexes to reach the cells. Furthermore, the uptake pathway of HA-Cd/DNA complexes was also studied. Endocytosis has been demonstrated to adopt a variety of forms, such as macropinocytosis, clathrin-mediated endocytosis, and caveolaemediated endocytosis. 46, 47 Aer incubation at 4 C, the cellular uptake almost ceased (Fig. 7B) , indicating that the complexes enter the cells mainly via energy-dependent pathways. The uptake mechanism of such a complex was subsequently studied by using different chemical endocytosis inhibitors. Wortmannin is a phosphatidyl inositol-3-phosphate inhibitor, 48 while cytochalasin D can inhibit actin polymerization and membrane ruffling;
49 both of these can inhibit the macropinocytosis pathway. Chlorpromazine, genistein, and nocodazole may inhibit the pathways of clathrin-mediated, caveolae-mediated, and microtubule-mediated endocytosis, respectively. The results shown in Fig. 7B reveal that only chlorpromazine may lead to an obvious decrease in cellular uptake, indicating that clathrinmediated endocytosis might be the major cellular uptake pathway for such a complex. Previous reports have suggested that such an endocytosis pathway might be the most efficient uptake process as it could facilitate the orientation of DNA cargo to the perinuclear region and the subsequent nuclear import.
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Confocal laser scanning microscopy (CLSM) was utilized to visually examine the internalization of Cy5-labeled DNA (red) in HeLa cells (Fig. S10 †) . Aer 1 h incubation, the red signals could be easily found in the cells. It is worth mentioning that for the HA-CP10-mediated transfection, the guest DNA was mostly distributed in the cytosol, while for the PEI-mediated experiment, most of the Cy5-labeled DNA was distributed close to the cell membrane. This also indicates that transfection by HA-CP10 occurs at a higher rate. As a result, more DNA cargoes could be delivered by HA-CP10 than by PEI, especially for longer transfection times (4 h, Fig. S10 †) .
Cell imaging studies
As a type of newly emerged uorescent nanomaterial, Cds have been widely used in bioimaging, chemical sensing, and biosensing. 8 To evaluate the bioimaging ability of the HA-Cds, two selected materials (HA-CP5 and HA-CP10) were rst incubated with HeLa and HepG2 cells and then observed by CLSM. As shown in Fig. 8A , bright uorescence could be found in both cell lines owing to the strong uorescence emitted from HA-Cds. Under different l ex , HA-Cds could stain cells with different colours (blue and green under l ex of 405 and 488 nm, respectively). As elucidated from the optical spectra, aer MW irradiation, some HA residues remained on the surface of the HA-Cds. Therefore, HA-Cds might have targeting imaging ability with respect to cells overexpressing CD44 (such as HeLa and HepG2 cells). 52, 53 An HA competition assay was carried out to evaluate the targeting imaging ability of these HA-Cds in HeLa and HepG2 cells. The results shown in Fig. 8B revealed that aer preincubation of the cells with free HA, the uores-cence intensity of the HA-Cds decreased in both cell lines. Since the free HA may competitively bind to the receptors on the cell membrane, such a decrease may be reasonable, and it also demonstrated that these HA-Cds have target cell imaging ability.
The good uorescence properties of these Cds could also be utilized to study the gene transfection process. 54 The CLSM images of HA-CP10/Cy5-DNA complexes aer different transfection times in HeLa cells are shown in Fig. 9 . The green signal of HA-CP10 and the red signal of Cy5 overlapped signicantly aer 1 h transfection, and only the merged yellow signal could be observed. This indicates that almost all Cy5-DNA cargos were co-localized with HA-CP10 vectors. With an increase in the transfection time, stronger uorescence signals were found and, more importantly, more and more red signals could be observed in the merged image, especially aer 24 h transfection (Fig. 9c) . Such results suggest that some of the HA-CP10/Cy5- DNA complexes have decomposed and free DNA has been released. It is well known that the dissociation of the vectors/ DNA complex is a necessary step for effective gene delivery. 55 Consequently, HA-Cds may not only deliver DNA into the cells effectively, but may also act as efficient uorescence signals, which help us to understand the transfection process and its mechanism.
Conclusions
In summary, a new type of carbon dots was obtained from HA and PEI via MW-assisted preparation with no additives. It was hoped that these materials would combine the good gene transfection efficiency of PEI with the targeting properties and biocompatibility of HA. Meanwhile, the uorescence properties may also endow these Cd materials with cell imaging ability. Some characterization methods, including FT-IR and NMR, indicated that some characteristic residues of HA and PEI remained in the Cd structure. Subsequent experiments revealed that the elaborately designed Cds exhibited much lower cytotoxicity and higher TE than PEI in HeLa cells. Besides the low toxicity, these materials also show good serum tolerance, and a TE of up to 50 times higher than that of PEI was obtained in the presence of 10% serum. Several assays, including BSA adsorption, ow cytometry, and confocal microscopy, also proved their good transfection performance. Meanwhile, their particular uorescence properties provide these Cds with cell imaging ability, allowing the DNA transportation process to be monitored. Under different l ex , HA-Cds could stain cells green or blue. An HA competition assay showed that these HA-Cds have target cell imaging ability in CD44 overexpressed cells. The materials with uorescence activity also facilitated colocalization experiments by CLSM, which revealed that the DNA cargo could be effectively released into the cytosol, leading to effective gene transfection.
Materials/methods

Materials and methods
All chemicals and reagents were obtained commercially and were used as received. Preparation of HA-based Cds Briey, hyaluronic acid sodium salt (250 mg) and branched PEI 25 kDa (250 mg) were dissolved in 50 mL (for HA-CP5) or 100 mL (For HA-CP10-HA-CP50) deionized water in a 250 mL beaker ask. The beaker ask was then placed at the center of the rotating plate of a domestic microwave oven (700 W) and heated for different time intervals. For HA-CP5, the solution was treated for 5 min. For HA-CP10-HA-CP50, the solution was treated for 1, 2, 3, 4, and 5 intervals, respectively (10 min for each interval, and before each interval, water was added to maintain the solution volume at 100 mL). Aer heating, the yellow solution was dialyzed against 500 mL of HCl (pH 1) for 24 h (MWCO 3500 Da) 19 and then against deionized water for another 48 h (MWCO 3500 Da). Finally, the residue was lyophilized to yield powdered materials.
Acid-base titration
Briey, 5 mg HA-Cds was dissolved in 2.5 mL deionized water and then added to 2.5 mL of 300 mM NaCl aqueous solution. HCl (1 N) was added to adjust the pH to 2.0. Aliquots of 0.1 N NaOH were added, and the solution pH was measured with a pH meter (pHS-25) aer each addition. The buffering capacity, dened as the percentage of amine groups becoming deprotonated from pH 5.1 to 7.4, was calculated using the following equation: 
Cytotoxicity assays and toxicity
The toxicity of HA-Cd/DNA complexes was determined with a CellTiter 96®AQueous One Solution Cell Proliferation Assay. About 9000 cells per well were seeded into 96-well plates. Aer 24 h, the HA-Cds were complexed with 0.2 mg of DNA at various weight ratios for 30 min. The cells were then incubated in a culture medium (100 mL) containing the complexes for 24 h. The solutions were then removed and 100 mL PBS containing 20 mL CellTiter 96®AQueous One Solution Cell Proliferation was added to each well for an additional 1 h incubation at 37 C.
Then, the absorbance of each sample was measured using an ELISA plate reader (model 680, BioRad) at a wavelength of 490 nm. The cell survival was expressed as follows: cell viability ¼ (OD treated /OD control ) Â 100%. Besides, the cell viability of 25 kDa PEI was also determined.
Transfection procedure
The gene transfection of a series of complexes was investigated in HeLa cells and HEK293 cells. Cells were seeded in 24-well plates (1.05 Â 10 5 cells per well) and grown to reach 70-80% cell conuence at 37 C for 24 h in 5% CO 2 . Before transfection, the medium was replaced with a serum-free or a 10% serumcontaining culture medium containing HA-Cds/pDNA (0.8 mg) complexes at various weight ratios. Aer 4 h under standard incubator conditions, the medium was replaced with fresh medium containing serum and incubated for another 20 h. For uorescence microscopy assays, cells were transfected by complexes containing pEGFP-N1. Aer 24 h incubation, GFPexpressed cells were observed with an inverted uorescence microscope (Nikon Eclipse TE 2000E) equipped with a cold Nikon camera.
For luciferase assays, cells were transfected by complexes containing pGL-3. For a typical assay in a 24-well plate, 24 h post transfection as described above, cells were washed with cold PBS and lysed with 100 mL 1Â lysis reporter buffer (Promega). The luciferase activity was measured with a microplate reader (Model 550, BioRad, USA). The protein content of the lysed cell was determined by BCA protein assay. The TE was expressed as the relative uorescence intensity per mg protein (RLU per mg protein). All the experiments were done in triplicate.
Protein adsorption assay
In brief, 1 mL of HA-Cd solution (1 mg mL À1 ) was mixed with 1 mL of bovine serum albumin solution (2 mg mL À1 ). Aer shaking for 0.5 h at 37 C and centrifuging at full-speed, the supernatant was carefully collected. The concentration of BSA in the supernatant was determined by BCA protein assay. The protein adsorbed on the polyplexes was calculated using the following equation:
where C i and C s are the initial BSA concentration (2 mg mL À1 ) and the BSA concentration in the supernatant aer adsorption experiments, respectively; V ¼ 2 mL and m ¼ 1 mg.
Inhibition studies
To probe the internalization mechanism of the HA-Cd/DNA complexes, the cellular uptake study was performed at 4 C or in the presence of various endocytic inhibitors with a serumfree or a 10% serum-containing medium. Briey, cells were incubated with complexes at 4 C for 4 h, wherein the energydependent endocytosis was blocked. Otherwise, cells were preincubated with various endocytic inhibitors including cytochalasin D (10 mg mL À1 ), wortmannin (50 nM), genistein (200 mM), nocodazole (33 mM), and chlorpromazine (10 mg mL À1 ).
Following pretreatment for 30 min, the inhibitor solutions were replaced by the freshly prepared test complexes (Cy5-labeled plasmid DNA) in media containing inhibitors at the same concentrations. Aer further incubation for 4 h, cells were harvested and analyzed by ow cytometry. In the study, the groups in the presence of test complexes at 37 C but without inhibitor treatment were used as controls. The results were represented as percentage uptake levels of control cells.
Cellular uptake of plasmid DNA (ow cytometry)
The cellular uptake of the HA-Cd/Cy5-labeled DNA complexes was analyzed by ow cytometry. A Label IT Cy5 Labeling Kit was used to label pDNA according to the manufacturer's protocol. Briey, HeLa cells were seeded in 12-well plates (2.0 Â 10 5 cells
per well) and allowed to attach and grow for 24 h. The medium was exchanged with serum-free or serum-containing medium. Cells were incubated with complexes containing Cy5-labeled DNA (2 mg of DNA per well, optimal weight ratio of each sample) in media for 4 h at 37 C. Subsequently, the cells were washed with 1Â PBS and harvested with 0.25% trypsin/EDTA and resuspended in 1Â PBS. The mean uorescence intensity was analyzed using a ow cytometer (Becton Dickinson and Company). The Cy5-labeled plasmid DNA uptake was measured in the FL4 channel using the red diode laser (633 nm).
Confocal laser scanning microscopy (CLSM) analysis
HeLa cells or HepG2 cells were seeded in a 35 mm confocal dish (F ¼ 15 mm) at a density of 2 Â 104 cells per well. Aer 24 h under standard incubation conditions, the medium was exchanged with serum-containing medium. For the internalization assay, cells were incubated with HA-Cds or PEI/Cy5-labeled pGL-3 (1.6 mg of DNA per well, w/w ¼ 10) complexes in media for 1 h and 4 h at 37 C. For the cellular trafficking assay, cells were incubated with HA-Cd/Cy5-labeled pGL-3 (1.6 mg of DNA per well, w/w ¼ 10) complexes in media for 1 h, 4 h, and 24 h at 37 C. For the HA competition assay, cells were rstly incubated with HA (1 mg) for 2 h then further incubated with HA-Cds for another 4 h. Finally, cells were rinsed twice with PBS (pH 7.4) and xed with 4% paraformaldehyde for 10 min. The CLSM observation was performed using a Leica TCS SP5 instrument at excitation wavelengths of 405 nm and 488 nm for HA-Cds and 633 nm for Cy5 (red).
